Axon caliber may be influenced by intrinsic neuronal factors and extrinsic factors related to myelination. To understand these extrinsic influences, we studied how axon-caliber expansion is related to changes in neurofilament and microtubule organization as axons of retinal ganglion cells interact with oligodendroglia and become myelinated during normal mouse brain development. Caliber expanded and neurofilaments accumulated only along regions of the axon invested with oligodendroglia. Very proximal portions of axons within a region of the optic nerve from which oligodendrocytes are excluded remained unchanged. More distally, these axons rapidly expanded an average of fourfold as soon as they were recruited to become myelinated between postnatal days 9 and 120. Unmyelinated axons remained unchanged. Axons ensheathed by oligodendroglial processes, but not yet myelinated, were intermediate in caliber and neurofilament number. That oligodendrocytes can trigger regional caliber expansion in the absence of myelin was confirmed using three strains of mice with different mutations that prevent myelin formation but allow wrapping of some axons by oligodendroglial processes. Unmyelinated axons persistently wrapped by oligodendrocytes showed full axon caliber expansion, neurofilament accumulation, and appropriately increased lateral spacing between neurofilaments. Thus, signals from oligodendrocytes, independent of myelin formation, are sufficient to induce full axon radial growth primarily by triggering local accumulation and reorganization of the neurofilament network.
Once axons reach their targets and form synapses, further maturation often involves marked radial growth, changes in cytoskeleton composition and organization, and ensheathment by myelin. Essential to axon radial growth are neurofilaments, 10 nm intermediate filaments composed of three subunits, NF-L, NF-M, and NF-H, with apparent molecular masses of approximately 70, 150, and 200 kDa, respectively (Shaw, 1982) . Two observations firmly establish this point. A mutation in the Japanese quail that interferes with NF-L synthesis prevents both filament assembly (Ohara et al., 1993) and radial axon growth (Sakaguchi et al., 1993) . In a Lac-Z NF-H transgenic mouse, neurofilament transport into axons is selectively blocked and radial growth is substantially reduced (Eyer and Peterson, 1994) . Important questions remain, however, about how the number of neurofilaments in axons is regulated and what signals instruct axons to grow to a particular size.
As developing axons grow radially, the gene expression and synthesis of neurofilaments increase and axonal transport rates for cytoskeletal proteins slow (Willard and Siman, 1983; Hoffman et al., 1984 Hoffman et al., , 1985a . Neurofilaments also become extensively phosphorylated (Carden et al., 1985 (Carden et al., , 1987 Dahl et al., 1986) , leading to local retention and accumulation of neurofilaments within a stationary axonal network (Nixon, 1992; Nixon et al., 1994a) , a lowered susceptibility of neurofilaments to calpains (Goldstein et al., 1987; Pant, 1988) , and increases their lateral spacing (Geisler et al., 1983; Hsieh et al., 1994; Nixon et al., 1994b) . The relative contributions of these synthetic and local post-translational mechanisms to caliber growth have not been extensively investigated.
Recently, myelin has been shown to influence the caliber of mature axons and their radial growth during development (Cole et al., 1994; Hsieh et al., 1994; Nixon et al., 1994b) . In addition, the modulation of axonal caliber by myelin seems to be linked to changes in the phosphorylation state and dynamic behaviors of neurofilaments (DeWaegh and Brady, 1990; Reles and Friede, 1991; Mata et al., 1992; Nixon et al., 1994a) . Still unknown, however, is whether myelin provides the actual signals required for axonal growth, and which aspects of neurofilament behavior are regulated by these signals are unknown.
In this study, we investigated the influence of oligodendroglia on caliber expansion and the neurofilament network in normal unperturbed retinal ganglion cell neurons of mice throughout postnatal development. We analyzed axons during the period of myelination in the portion of the optic nerve that is destined to acquire myelin and the portion that remains unmyelinated, in addition to the small population of optic axons (5-10%) that remain unmyelinated along their entire length. Finally, to define the relative importance of myelin and developing glia cells on axon maturation, we analyzed three strains of mutant mice; shiverer (Chernoff, 1981) , myelin-synthesis deficiency allele of jimpy (Meier and MacPike, 1970) , and quaking (Sidman et al., 1964) . These strains harbor mutations of myelin basic protein (Roach et al., 1983) , myelin proteolipid protein (Phillips, 1954) , and an unknown protein (Campagnoni, 1988) , respectively. These mutations prevent myelin formation on most CNS axons but enable oligodendroglia to mature to varying degrees (Nave, 1994) . Together, these studies establish that regional caliber growth, local neurofilament accumulation, and interneurofilament spacing are regulated by extrinsic glial signals and that myelin formation is not required for axons to achieve full-caliber expansion and regional neurofilament accumulation.
MATERIALS AND METHODS
Animals. The (jp msd ) myelin synthesis deficiency mutant, an allele of the jimpy mutation and quaking, an independent autosomal mutation (Sidman et al., 1964) , was maintained on a C57Bl/6J/C3H hybrid background. Shiverer mutant mice (Doolittle et al., 1977) were maintained on a DBA/2J genetic background. Crossing mice homozygous for shi and normal DBA/2J mice produced heterozygous shi mice (ϩ/shi), which exhibit 50% of normal MBP expression (Shine et al., 1992) . C57Bl/6J mice ages 9 -120 d were used in studies of normal development. Breeding and tissue dissections were performed as described previously (Nixon and Logvinenko, 1986) .
Electron microscopy. Mice were anesthetized with halothane gas, and tissue fixative was achieved through intracardial perfusion with 4% paraformaldehyde/5% glutaraldehyde in 0.1 M PBS, pH 7.4, at room temperature. The retina and optic nerve then were dissected, post-fixed in 1% phosphate saline buffered osmium tetroxide containing 0.8% KFeCN 2 and dehydrated through an ethanol series (Nixon et al., 1994a) . The tissue, segmented in 1.2 mm pieces, was cleared in propylene oxide and embedded in Medcast (Ted Pella, Tustin, CA). Ultrathin sections were collected every 0.25 m until a section was reached that contained the retinal excavation surrounded by retinal tissue. The initial appearance of the most distal aspect of the retinal excavation was used as a standard reference point. The ultrathin sections were stained with uranyl acetate and lead citrate and examined in a JEOL JEM1200 EX electron microscope at 80 kV.
Axonal cross-sectional determination. The cross-sectional areas of 1561-3919 axon profiles were quantified in mice at each of six postnatal ages. Two levels of the optic nerve, 50 and 700 m from the retinal excavation point, were examined for every given age. Where multiple mice were analyzed [postnatal days (P) 16, 30, and 120] , axonal area distribution and neurofilament-microtubule numbers (see below) differed less than 5% among animals. Axonal fields were selected evenly from all regions of the cross-section, using the mesh gridbars as superimposed divisional landmarks. Populations of more than 500 randomly selected axons have been shown to represent accurately the total optic axon population (Nixon and Logvinenko, 1986) . Ten nonoverlapping microscopic fields from each level were photographed at low power and printed at a final magnification of 18,000ϫ. All axons from each field were measured unless the angle of transection was clearly oblique, which occurred in less than 5% of the population. In some experiments, myelinated, oligodendrocyte-wrapped, and unmyelinated fibers were analyzed separately. Wrapped fibers were defined as those profiles completely surrounded by oligodendrocyte cytoplasmic processes, but devoid of myelin. Similarly, the cross-sectional areas of 1598 -3247 axon profiles from each animal within a group of mutant mice, including shiverer homozygote and heterozygote, quaking, and myelin synthesis deficient (msd) mice, were determined. Axonal areas were measured using an IBM-compatible computer with Bioquant (R and M Biometrics) software and a Summagraphics supergrid digitizing tablet peripheral. Histograms were constructed from the resultant data. The percentage of axons in each of a series of equally spaced size categories was determined at six of the postnatal ages. Histograms were constructed by plotting these percentages as a function of axonal crosssectional area.
Neurofilament and microtubule quantification. At each of six postnatal ages, the numbers of neurofilaments and microtubules were determined from 300 -600 axon profiles collectively displaying the same axonal area distribution histogram as the total axon population in the optic nerve at the appropriate axonal level (e.g., 50 or 700 m). To compare data sets from different postnatal ages, a single value for the absolute number of neurofilaments or microtubules contained within 1000 axons of sizes representative of the total fixed population was calculated for each of the postnatal ages analyzed. The complete analysis was duplicated in a second mouse at P16, P30, and P120. No statistically significant differences between duplicates were observed (Ͻ 10% variation) for any parameter analyzed in this study. Morphometric analysis was performed using a compatible IBM computer and Bioquant software as described by Nixon et al. (1994) . A total of 100,800 neurofilaments and 72,151 microtubules were counted in 4444 axons in the developmental study, and a total of 84,390 neurofilaments and 44,002 microtubules were counted in 1738 axons in the myelin mutant analyses. The x-axis in all line graphs depicting data at varying postnatal ages was plotted using logarithmic scale.
Neurofilament nearest-neighbor analysis. Interneurofilament distances were determined in 25-40 axon profiles representative of the axonal total population in the optic nerve. The distances between neurofilaments in each axon were determined using a digitizing tablet and a program especially designed for this purpose (P. Paskevich, unpublished observations). The distances between neurofilament pairs were expressed as a percentage of the total neurofilament pairs analyzed and sorted in 1 nm bins to determine the mean interneurofilament distance of 95% of the total number of neurofilament pairs, and in 5 nm bins for graphical demonstration. In the developmental and mutant studies, 267-1466 and 739 -4681 neurofilaments, respectively, were analyzed. The limitations of the analysis system were established by repeated determinations of the same set of profiles, which yielded a variation of 0.96 Ϯ 0.53 nm for 1565 neurofilaments counted.
Statistical analysis. All data sets showed nonparametric distributions as demonstrated by the Shapiro -Wilk test. The analysis of variance was performed by the Wilcoxon/ Kruskal-Wallis test with p Յ 0.05, demonstrating significant differences among the groups analyzed. The TukeyKramer-HSD test was used to describe significant differences between specific axonal populations (JMP software). In the latter test, p Ͼ 0 demonstrates statistical significance.
RESULTS

Caliber expands regionally along optic axons during development
A dense layer of astrocytes, known as the lamina cribrosa, is located 100 -150 m from the retinal excavation, the point where intraretinal portions of ganglion cell axons converge to form the optic nerve ( Fig. 1 A) (Nixon et al., 1994b) . The lamina cribrosa forms a barrier to oligodendroglia migration into the eye (Perry and Lund, 1990) and, therefore, serves as a boundary between a proximal unmyelinated portion of the ganglion cell axon and a long distal portion of the axon within the optic nerve and tract that may become myelinated ( Fig. 1 A) . To compare the developmental changes affecting unmyelinated and myelinated regions of the same axons, we measured caliber sizes of very large populations of optic axons at a level of the optic nerve immediately proximal to the lamina cribrosa situated 50 m from the retinal excavation (Fig. 1B, D) , and a level distal to this structure, located 700 m from the retinal excavation (Fig. 1C, E) . At P9, the morphologies of axons at both levels ( Fig. 1B vs 1C) were similar, except for the presence of myelin on a few (Ͻ1%) of the axons at the 700 m level. As development progressed, however, differences between the two levels became striking (Fig. 1 , CЈ, vs EЈ). These morphological differences were quantified by measuring the crosssectional areas of axons in representative populations of 1000 -1500 axons at each level and developmental age (Fig. 2) . Axon cross-sectional areas for the total populations, grouped according to different size ranges (Fig. 2) , demonstrate a progressive significant shift toward groups with larger areas at the 700 m level but not at 50 m level (Tukey-Kramer test). This process began with the growth of a few axons by P12, proceeded to involve most axons between P12 and P30, and ultimately involved Ͼ90% of the optic axon population by adulthood (Fig. 2) . To quantify the changes in average axon size across all developmental ages and allow comparisons with changes in neurofilament number, we calculated the total cross-sectional areas for populations of 1000 axons identical in caliber distribution to those depicted in Figure 2 . As shown in Figure 3 , calibers changed minimally at the 50 m level, but the same axons underwent an average fourfold caliber expansion more distally (Wilcoxon/Kruskal-Wallis, p ϭ 0.21).
Regional caliber expansion is temporally and spatially related to local neurofilament accumulation as axons are recruited for myelination
Like axon caliber, the organization of neurofilaments during development was regulated differently at axonal levels proximal or distal to the lamina cribrosa. The number of neurofilaments at the 50 m level was similar at P9 and adulthood and varied Ͻ 50% at intermediate developmental ages (data not shown). More distally, neurofilament numbers rose nearly fourfold between P9 and P30 in parallel to changes in axon caliber (Fig. 4, top) . The microtubule number gradually rose only 2-to 2.5-fold. The early rise was similar at the 50 and 700 m levels, but after P21, microtubules increased an additional 50% at 700 m only (data not shown). The difference in microtubule numbers at these two levels, which confirmed previous estimations in adult mice (Nixon et al., 1994a) , was, however, a minimal contribution to regional caliber growth compared with the fourfold rise in neurofilaments. Even during early postnatal ages, the total number of microtubules and neurofilaments required to achieve a given caliber size was greater at 50 than at 700 m, as observed previously in the adult mice, implying that additional locally regulated factors may be involved in radial growth irrespective of developmental stage (data not shown).
Because caliber expanded and neurofilaments accumulated only in regions of the optic nerve destined to become myelinated, we investigated the relationship between radial growth and the appearance of myelin on individual optic axons. Initial caliber expansion of a small subset of axons at P12 coincided with appearance of the first myelinated axons; additional expansion within the axon population occurred in exact proportion to the rise in numbers of myelinated fibers (Fig. 4, top) . Developmentally regulated changes in axons that may be either dependent on or independent of myelination were distinguished by analyzing the myelinated and unmyelinated fiber populations separately. Axons that were unmyelinated and not contacted directly by an oligodendrocyte showed negligible regional caliber expansion or increase in neurofilament number (Fig. 4, bottom) . During ages of extensive recruitment of axons for myelination, the caliber distribution of the unmyelinated axon population was not altered, indicating that axons of a particular size were not selectively recruited (Fig. 5) (Tukey-Kramer, p ϭ Ϫ0.004). By contrast, myelinated fibers, regardless of postnatal age, exhibited the same average caliber and neurofilament number as fully mature axons (Figs. 4, 5) . These results show that caliber expansion for the total optic axon population is determined by the rate at which fibers are recruited to become myelinated. The data indicate further that the process of caliber expansion must be rapid. For example, between P21 and P30, Ͼ50% of the optic axon population became myelinated (Fig. 4, top) , which is equivalent to ϳ6000 axons per day. If the expansion process had required more than 24 hr, fibers at intermediate stages of expansion would have been sufficiently numerous to lower the average caliber of the myelinated fiber population below the value obtained for mature mice. This was not observed.
Interneurofilament spacing is locally controlled
The distances between most neurofilaments and their nearest neighbors are nonrandom in mature axons (Hsieh et al., 1994; Nixon et al., 1994a) . To investigate developmental influences on interneurofilament spacing, we carried out morphometric analyses at six postnatal ages on groups of 25-40 axons exhibiting a range of caliber sizes representative of the caliber distribution within the total optic axon population. For each neurofilament in these axons, the distance to its nearest neighbor was measured. Like caliber and neurofilament number, the spacing between neurofilaments was locally controlled, increasing only at the 700 m level (Fig. 6) . At the 50 m axonal level, interneurofilament distances assumed a relatively narrow unimodal distribution, showing that most neurofilaments were situated 25-35 nm from their nearest neighbor at all ages between P9 and P120. The minimum spacing (15-20 nm) did not change appreciably. At 700 m, axons at any postnatal age, once myelinated, contained neurofilaments spaced similarly to those of adult myelinated fibers (Tukey-Kramer, p Ͻ 0), whereas the spacing between neurofilaments in unmyelinated axons continued to increase during development (Wilcoxon/Kruskal-Wallis, p ϭ 0.010). On average, interneurofilament distances were 1.7-fold larger at 700 m (54.7 Ϯ 17.9 nm) than at the 50 m level (33 Ϯ 9.18 nm). Although a greater range of nearest-neighbor distances was seen at 700 than at 50 m, the distribution still was unimodal. Fibers that were not yet myelinated remained immature in caliber and neurofilament number, but neurofilaments within these axons also displayed increased spacing compared with that at the 50 m level even at P9, confirming previous data in adult optic axons (Nixon et al., 1994b) .
Signals from oligodendroglia, not myelin, initiate caliber expansion and neurofilament accumulation
Although the relationship between myelination and axon maturation appeared to be close, we noticed that some unmyelinated axons were ensheathed by an oligodendroglial process, and these axons displayed a more mature morphology than their sister axons (Table 1, Fig. 7 ). These "wrapped" but still unmyelinated axons were considerably more numerous during the period of peak myelination (P21-P30) than at P120, suggesting that they were soon to be myelinated (Table 1) . Wrapping by oligodendrocyte processes evidently was a transitory state, because these axons remained a small percentage of the total axon population even between P21 and P30 when Ͼ50% of axons were becoming myelinated. Despite the transient nature of this stage, these wrapped axons displayed a twofold higher average caliber size and neurofilament content compared with that of other unmyelinated axons (Table 1 ). The distribution of nearest-neighbor distances was similar to that of the myelinated axon population (data not shown).
Oligodendroglial signals are sufficient to trigger full-caliber expansion
Because oligodendroglial wrapping is rapidly followed by myelination, we could not assess the relative importance of oligodendrocyte-and myelin-related influences to radial axon growth in normal mice. We, therefore, studied adult mice carrying mutations that block myelination but permit some oligodendroglial cells to mature to varying degrees and ensheathe axons with a cytoplasm-containing oligodendroglial process. Three strains of mice, shiverer (shi/shi), quaking (qk/qk), and jimpy ( jp msd /jp msd ), carrying mutations of different genes (see introductory remarks), exhibited a similar phenotype in which 89 -96% of optic axons remained unmyelinated (Fig. 7B ), but 6 -15% of these fibers were wrapped by an oligodendroglial process. The latter event, which precedes myelination and is normally brief, is presumably long in duration in these adult mutant mice and, therefore, allowed us to assess the full influence of oligodendroglial signals in the absence of myelin. Under these conditions, unmyelinated axons in contact with an oligodendrocyte achieved the same caliber size and neurofilament number as myelinated axons (Wilcoxon/KruskalWallis, p ϭ 0.2-0.7), which, in turn, exhibited three-to sixfold larger calibers and neurofilament numbers at the 700 m level than at the 50 m level of optic axons (Fig. 8) . The range of interneurofilament spacing distances for wrapped axons also was indistinguishable from that of myelinated fibers (Wilcoxon/ Kruskal-Wallis, p ϭ 0.2) (Fig. 9) . Thus, unmyelinated axons achieve full regional caliber growth and neurofilament accumulation if ensheathed for a sufficient period of time by an oligodendroglial process.
The unmyelinated fibers in each mouse mutant, on average, also achieved modest local caliber growth (1.6-to 2.0-fold) and neurofilament accumulation (1.1-to 1.4-fold); however, these average increases were principally attributable to a small percentage of axons (ϳ15%) having the size of myelinated fibers. The caliber distribution and neurofilament content of the remaining axons (66% of the total shiverer optic axon population) was similar to that of normal unmyelinated fibers and to axons at the 50 m level. This group of atypically large "unmyelinated" axons Figure 4 . Effect of myelination on axonal area and neurofilament accumulation. Top, The cross-sectional areas of axons at the 700 m level ( filled circles), the percentage (X ) of myelinated axons (see Fig. 3 ), and the number of neurofilaments ( filled triangles) in the total population of axons was determined. The cross-sectional areas (m 2 ) of myelinated ( filled circles; n ϭ 3632) and unmyelinated (open circles; n ϭ 6098) axons were determined from electron micrographs at 20,000ϫ (bottom). Neurofilament numbers in 829 myelinated (open squares) and 1676 unmyelinated ( filled squares) axons of caliber sizes representative of the total optic nerve population were determined at the 700 m axonal level, also included (bottom). SEs are negligible (see Fig. 3 ). At all postnatal ages, the neurofilament numbers and axonal areas between myelinated and unmyelinated axons differ significantly (Wilcoxon/Kruskal-Wallis, p ϭ 0.01-0.001).
is likely to be myelinated at levels immediately above or below the 700 m level analyzed, because some axons from mutant mice were shown to be myelinated in patches along their length (Lachapelle et al., 1990 ) (R. Nixon, unpublished data). Interneurofilament spacing in unmyelinated fibers of shiverer mutants like that of normal axons was higher at 700 than at 50 m (Fig. 9 ), but less than that seen in myelinated or oligodendrocyte-wrapped axon populations (Tukey-Kramer test, p ϭ Ϫ0.007, Ϫ0.004, respectively).
DISCUSSION
The signal for axon caliber expansion during postnatal development is extrinsic
Using different experimental paradigms, we have shown that the changes in neurofilament dynamics and organization underlying radial axonal growth during postnatal development are locally determined along axons and that only axonal regions contacted by oligodendroglial cells or myelin undergo these changes. Caliber growth and neurofilament accumulation were absent along proximal portions of optic axons from which oligodendroglia but not astrocytes are excluded, along the lengths of normal unmyelinated axons, and along optic axons of mice carrying any one of three different mutations that prevent CNS axons from myelinating. Because at least two of these three mutations affect proteins selectively made by oligodendroglial cells (Campagnoni, 1988) , neuronal mechanisms that may be involved in axon radial growth are presumably intact in these mice. That optic axons normally destined to grow postnatally exhibit minimal radial growth in the mutant mice indicates that extrinsic signals, pertaining to oligodendrocytes, are essential for postnatal axon maturation.
The long-standing view that axonal-caliber expansion induces myelination requires reconsideration in light of the present findings and other recent data . The frequent observation that the first axons to be myelinated tend to be the largest ones in the population (Peters and Vaughn, 1970; Raine, 1984) has fostered this assumption; however, we observed that the caliber distribution of unmyelinated axon changes minimally during postnatal development, indicating that the largest axons are not selectively recruited for myelination. The additional finding that recruited fibers, on average, expand to full size very rapidly may explain why newly myelinated fibers tend to be large. The lack of radial growth at proximal levels of developing optic axons also supports the view that caliber expansion does not precede oligodendrocyte ensheathment of axons and is not completely regulated by intrinsic factors during neuronal differentiation. These findings are consonant with studies of adult transgenic mice expressing the Lac Z-NF-H fusion protein (Eyer and Peterson, 1994) and mutant quail deficient in neurofilaments (Zhao et al., 1995) , which show minimal axon caliber expansion despite apparently normal myelination.
Our results add to growing evidence that axon-glial signaling occurs in both directions during postnatal axonal development. Experimentally delaying or disrupting myelination reduces or inhibits axon caliber expansion (Foster et al., 1982; , and components of the myelin sheath influence the outgrowth of axons (Caroni and Schwab, 1989; Mukhopadhyay et al., 1994) . On the other hand, oligodendrocytes compete with astrocytes for growth factors early in development and depend on interactions with axons for their survival (Barres and Raff, 1993) . Oligodendroglial proliferation and differentiation and the ability to myelinate are affected by axonal signals that involve electrical impulse conduction along axons (Valat et al., 1988; Kidd et al., 1990; Barres and Raff, 1993; Hardy and Reynolds, 1993) and release of extracellular matrix components (Notterpek and Rome, 1994) . In this regard, it is interesting that myelination and radial growth of optic axons are first initiated at P12 when the electroretinogram can first be recorded (Weidman and Kuruabara, 1968) .
Local neurofilament accumulation and changes in neurofilament spacing determine the site and extent of radial axon growth
Accretion of neurofilaments in developing axons has previously been attributed to multiple factors, including increased neurofilament gene expression (Hoffman et al., 1987) and subunit synthesis (Hoffman et al., 1985b) , and reduced slow axonal transport rates (Hoffman et al., 1985a) . Variations in caliber size also are closely related to changes in neurofilament protein phosphorylation, which promote the local accumulation of neurofilaments within a stationary, but dynamic, axonal network (Lewis and Nixon, 1988; Nixon et al., 1994a; Takeda et al., 1994) and induce neurofilaments to extend sidearms that increase lateral spacing between neurofilaments (DeWaegh et al., 1992; Hsieh et al., 1994; Nixon et al., 1994b; Nakagawa et al., 1995) . Our finding that caliber size does not expand in a proximal portion of optic axons proved to be useful in evaluating the possible contributions of these different neurofilament-related variables to axon radial growth. For example, if increased gene expression, synthesis, and transport of neurofilament proteins were major contributions to development of caliber expansion, higher neurofilament numbers would have Figure 5 . Distribution of cross-sectional areas of myelinated and unmyelinated axonal population at selected postnatal age. The percentage of axons within a size range at each given postnatal age was determined for a total of 1827 myelinated and 2542 unmyelinated axons at the 700 m optic nerve level. The similar cross-sectional area distribution seen at ages just before increased myelination indicates that no subpopulation of unmyelinated axons is preferentially recruited for myelination. Although Ͼ50% of the unmyelinated axons are recruited for myelination between P21 and P120 (see Fig. 4) , their cross-sectional area distributions remain unchanged (Tukey-Kramer, p ϭ 0.003).
been expected at the 50 m level of optic axons as well as the 700 m level; however, this was not observed. As shown previously in adult mice (Nixon et al., 1994b) , local accumulation of neurofilaments must be critically involved in the regional caliber growth seen during development.
The role of interneurofilament spacing in regulating caliber is less clear. In developing unmyelinated axons, neurofilament spacing also is greater distally (700 m) than proximally (50 m) along axons, even though caliber size does not change. These results emphasize that some degree of side-arm extension can occur in the absence of caliber expansion, as recently observed also in a transgenic mouse paradigm (Wong et al., 1995) , consistent with the view that local neurofilament accumulation rather than changes in interneurofilament spacing is the critical determinant of axon radial growth. Because neurofilaments in unmyelinated optic axons are relatively few, changes in spacing are expected to have relatively little impact. In unmyelinated axons of shiverer mutants, however, an intermediate degree of increased interneurofilament spacing also had negligible effects on axon caliber, even though neurofilaments were almost as numerous as in normal myelinated axons. In adult mice, myelinated axons at 700 m expand regionally to a caliber that is larger than predicted from the increases of neurofilaments and microtubules. This additional increment of caliber expansion (ϳ50%) was attributed to the observed increase in interneurofilament spacing (Nixon et al., 1994a) , although regional changes in other structural proteins cannot be excluded as a contributing factor. A similar phenomenon also was seen in this study of axon development. Also supporting a role for neurofilament spacing in caliber expansion under some conditions are observations that optic axons of visually deprived rats are smaller than normal and contained normal numbers of microtubules and neurofilaments, but exhibited reduced interneurofilament distance (Fernandez et al., 1993) .
Postnatal axon radial growth requires oligodendroglial signals but not myelin formation
Although a close relationship between myelination and axon growth under various experimental conditions has been frequently noted (Windebank et al., 1985; Pannese et al., 1988; DeWaegh and Brady, 1990; Cole et al., 1994; ; Colello and Schwab, 1994), we found that full-caliber expansion can be achieved without myelin formation. Intermediate degrees of caliber expansion and neurofilament accumulation occurred during the brief period before myelination when axons were ensheathed by oligodendroglial processes. In myelin-deficient mutant mice, in which this transitional state was extended over months rather than hours, oligodendrocyte-wrapped axons achieved the same caliber as the few axons that contained myelin. Direct oligodendrocyte contact was essential to effect radial growth. Increased interneurofilament spacing also was stimulated by the presence of oligodendrocytes, although additional factors also may be important.
The influence of oligodendrocytes on axonal maturation is consistent with evidence that myelin-forming cells elaborate factors that modulate axonal outgrowth (Caroni and Schwab, 1989; Mukhopadhyay et al., 1994; Schwalb et al., 1995) , some of which show increased expression after axonal outgrowth and before myelination during a period when some properties of axon membranes are known to change (Lund et al., 1986) . Potential targets for oligodendroglial signals include a multiplicity of protein kinases and phosphatases that are believed to regulate phosphorylation of carboxyl terminus domains of neurofilament subunits (Nixon and Sihag, 1991; Lew and Wang, 1995; Shetty et al., 1995) . In addition, we cannot exclude indirect effects of oligodendrocyte wrapping, which might trigger axonal events by depriving axons of inhibiting signals from astrocytes or other cells.
Although radial growth clearly depends on extrinsic factors, Cross-sectional area and neurofilament and microtubule number are expressed per 1000 axons representative of the total optic axon population. how final caliber size is determined is not entirely clear. Even when neurofilaments are few during early development or absent in transgenic or mutant animals, axons exhibit up to 30-fold variation in cross-sectional area (Ohara et al., 1993; Eyer and Peterson, 1994) . This degree of caliber variation also was observed in the total population of optic axons at P9, when most axons are unmyelinated. Although a range of cross-sectional areas is observed in these axonal populations, they do not attain mature calibers if devoid of neurofilaments. In addition, neurons can compensate partially for deficiencies of neurofilaments induced by mutations or experimental manipulations by upregulating the production of microtubules and possibly other axonal components to achieve partial caliber expansion (Zhao et al., 1995) . Moreover, roles for myelin or other oligodendroglial signals as additional determinants of final caliber are suggested by the fact that incompletely myelinated axons of the myelin-deficient mutant mice actually achieve supranormal caliber growth of varying degrees (R. Nixon, I. Sánchez, L. Hassinger, and P. Paskevich, unpublished data). These observations emphasize, therefore, that establishment of final caliber size requires a combination of intrinsic neuronal mechanisms, multiple extrinsic signaling events, and axon-glial intercommunications. The important role of oligodendroglial signaling identified here may contribute to the understanding of how delayed or deficient oligodendroglial maturation and function may lead to severe cognitive impairment in many developmental nervous disorders and influence neurological recovery in demyelinating diseases. 
